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a b s t r a c t
Ni-based alloys are a special class of engineering material with excellent corrosion resis-
tance in harsh environments. However, microstructural changes due to the solidiﬁcation,
may result in solidiﬁcation cracks and reduction in the corrosion resistance. Knowing the
microchemical and microstructural evolutions during the solidiﬁcation of these alloys is
essential for the understanding of the relationship between the metallurgical aspects and
the properties. This research presents a new insight on the solidiﬁcation path of alloy 625
weld metals deposited by the TIG cold wire process on the C–Mn steel plates. After the
welding, samples having been extracted and evaluated by the scanning electronmicroscope,
transmission electronmicroscopyandenergydispersiveX-ray spectroscopy techniques. The
results showed the presence of two types of secondary phases, identiﬁed as Laves phase
and complex nitride/carbide particles. Due to the presence of nitrides particles, stable in
the solid state during the melting of the alloy, during the solidiﬁcation it is noted the occur-
rence of a complex nitride/carbide precipitation. This implies in a new route to explain thesolidiﬁcation of the aforementioned alloy.
© 2013 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
tions, where corrosion resistance is essential [3].
Este é um artigo Open Access sob a licença de CC BY-NC-ND1. Introduction
Nickel based superalloys are an important class of engineering
material, due to their excellent combination of corrosion resis-
tance and mechanical properties, including high temperature
applications [1]. In this context, the alloy Inconel® 625 stands
out as one of the leading commercial Ni–Cr–Mo–Nb alloy grade
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http://dx.doi.org/10.1016Este é um artigo Open Access sob a licença de CC BY-NC-ND[2]. Its development in the year of 1964, was designed to meet
the market of alloys for high temperature service, however,
with the discovery of its exceptional corrosion resistance, it
also came to occupy a prominent position in other applica-Nevertheless, its high cost makes it unfeasible in rela-
tion to applications in some situations. In order to overcome
this obstacle and make it attractive to the manufacturing of
blished by Elsevier Editora Ltda.
/j.jmrt.2013.02.008
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Table 1 – Chemical composition of the ﬁller metal and base metal.
Item Chemical composition (wt%)
Ni C Cr Mo Nb Fe Ti Si
AWS ERNiCrMo-3 (INCONEL 625®) 64.43 0.011 22.2 9.13 3.53 0.19 0.23 0.05
Item Chemical composition (wt%)
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quipment, providing high performance in the service with
he use of this particular alloy, the deposition of dissimilar
elding overlays with Ni-based alloys on C–Mn and low alloy
teels, has become a great option in recent years [4]. However,
ue to the dissimilarity among the metals to be joined and
he welding conditions being applied, changes in the chem-
cal composition as an enrichment of the Ni-based alloy by
e and C, due to the dilution with the steel, can signiﬁcantly
hange the resulting microstructure in the fusion zone.
Several experimental studies have been conducted to
nvestigate the behavior of the solidiﬁcation in superalloys
ontaining Nb [5–10]. DuPont and Robino [11] reported that
hese alloys generally solidify through a three step process,
hich includes: (1) primary solidiﬁcation L→, followed by
2) a reaction in the eutectic type L→ (+NbC), which occurs
ver a broad temperature range, followed by (3) a reaction of
he eutectic terminal L→ (+Laves) that occurs over a range
ith smaller ﬁnal temperature.
Recent studies have also reported the presence of precip-
tates that are rich in C, N, Nb and Ti for the microstructure
f dissimilar welding alloys 625 [12,13], whose presence can
lter the solidiﬁcation behavior of these alloys furthermore.
nowing the microchemical and microstructural evolutions
uring the solidiﬁcation of these stated alloys is essential for
he understanding of the relationship between the metallur-
ical aspects and the properties of these alloys. This research
resents a new insight on the path in the solidiﬁcation of 625
uperalloy weld metals deposited by the TIG cold wire feed
rocess on the C–Mn steel plates.
. Experimental procedure
heweldsweremade through the TIG processwith a coldwire
utomatic feeding system. The deposition was in a ﬂat posi-
ion. Multiple weld beads were deposited side by side, in order
o produce a coating layer. The wire ﬁller metal was the AWS
R NiCrMo-3, similar to the alloy Inconel® 625. The base metal
s the ASTM A516 Gr.60 steel. Both chemical compositions are
hown in Table 1. The shielding gas was pure argon.
The welding parameters used were the following: welding
urrent ranging from 285A to 335A; the welding volt-
ge 20–24V; welding speed 17–25 cm/min; welding energy
0–16kJ/cm; feed rate wire 6–9m/min; distance from the tip
f the electrode to the workpiece with a constant 10mm; ﬂow
f shielding gaswith 15L/min and tecimento in three different
ypes of motion (spiral, double-8, triangular).Mo Fe Al Mn Si
0.01 98.64 0.02 0.95 0.20
After the welding, samples from the coatings were
extracted and being conventionally prepared for a metallo-
graphic analysis. The microstructures were examined by a
scanning electron microscope (SEM) models Phillips XL30 and
Carl Zeiss EVO 40, both equipped with energy dispersive X-ray
spectroscopy (EDS) systems. Samples for characterization by
the transmission electron microscopy (TEM) were produced
and analyzed using a JEOL JEM 2100 ARP microscope coupled
with the EDS microanalysis system.
3. Results
The chemical composition of the weld metal volume, indi-
cated a strong segregation of elements such as Mo and Nb to
the interdendritic region, whereas elements such asNi, Cr and
Fe showed a slight depletion in these regions (interdendritic),
as shown in Fig. 1.
The chemical compositionproﬁle crossing someof theden-
drites in the transverse direction in relation to the direction
of solidiﬁcation (Fig. 2), clearly shows the variation of the ele-
ments. A signiﬁcant increase in theNi content and a slight rise
of the Fe and Cr in the region of the dendrite nucleus has been
observed. For the interdendritic regions identiﬁed in Fig. 2 by
arrows, it can be observed an increase in the levels of Mo and
Nb.
The distribution coefﬁcient (k) denotes the intensity and
direction of a microsegregation expected for a given element,
during the solidiﬁcation of an alloy k=Cs/C0. Table 2 shows the
concentrations of the dendrite center (Cs) and the interden-
dritic region (Ci), as well as the nominal composition (C0) and
the distribution coefﬁcient (k) for two samples welded with
the alloy 625, having been welded with a low heat input (T1)
and the other welded with a higher heat input (T4). Consid-
ering a normal solidiﬁcation process commonly encountered
in the arc welding, the region in the center of the dendrite is
the ﬁrst region to solidify, and should present a kC0 concentra-
tion, where C0 is the nominal composition of the alloy (weld
metal considering the dilution with the substrate). Based on
the composition of the solid (Cs) shown inTable 2 and thenom-
inal composition of the alloy (C0) determined experimentally
by XRF, the values of k for each element were calculated and
presented in Table 2. The Cs values are also given in Table 2.
It has been found that the k coefﬁcient of elements such
as Ni and Fe (Table 2), had values slightly higher than 1,
indicating a slight segregation of these elements into the
solid. As for Cr, the values were also higher than 1, there-
fore its behavior resembles the following elements, Fe and Ni.
The Mo already had a distribution coefﬁcient of less than 1,
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Table 2 – Chemical composition in the dendrite nucleus (Cs), in interdendritic region (Ci) and the global chemical
composition (C0), as well as the partitioning coefﬁcient k.
Element Sample T1 Sample T4
Cs Ci C0 K Cs Ci C0 K
Ni 60.1 ± 2.9 52.6 ± 1.5 58.5 1.03 62.2 ± 2.2 58.6 ± 1.3 60.1 1.04
Cr 21.6 ± 0.7 19.6 ± 0.8 21.1 1.02 21.2 ± 1.2 20.7 ± 1.4 20.5 1.04
Mo 7.7 ± 1.5 12.3 ± 1.2 8.1 0.95 7.9 ± 1.5 10.1 ± 1.9 8.9 0.89
0.5
1.0Nb 1.6 ± 0.9 6.5 ± 2.0 3.2
Fe 8.8 ± 1.0 8.9 ± 0.8 8.0
segregating to the liquid metal and enriching the interden-
dritic region in the end stage of solidiﬁcation. Like Mo, Nb also
segregates to the liquid, howeverwith a greater intensitywhen
compared to the Mo. Therefore, this strong segregation of the
Nb has been appointed as primarily responsible for the forma-
tion of the secondary phases observed in the microstructure
of the coatings in the alloy 625.
In fact, concerning alloys containing some quantities of Nb
added, such as the 625 alloy, it has been observed that there is
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Fig. 1 – Elemental chemical mapping obtained by scanning elect
bulk of weld metal indicating the strong segregation of Mo and N0 1.5 ± 0.4 6.2 ± 1.0 3.1 0.49
9 7.1 ± 0.9 7.0 ± 0.5 6.2 1.14
a characteristic proﬁle of segregation, as shown in Fig. 2. Cies-
lak et al. [5] determined the distribution of chemical elements
along the dendrites through an microprobe analysis, check-
ing that elements such as Nb, Mo, Ti and Si (k<1), segregate
signiﬁcantly to the interdendritic region, while the centers of
dendrites become depleted of these said elements and rich in
Ni and Fe (k>1), since the Cr was not seen as an evidence of
this segregation element to the interdendritic region. Further-
more, a similar behavior was duly observed by DuPont et al.
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Fig. 2 – Elemental chemical proﬁle crossing the dendrites
and showing clearly the elemental segregation during the
solidiﬁcation process. The arrows indicate the
interdendritic region.
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Fig. 3 – (a) Secondary phases formed along the
interdendritic region. (b) Enlarged image showing the14]. The results observed in this study are also consistentwith
he proﬁle of segregation shown by other authors [15,16].
Regarding the microstructural characterization, metallo-
raphic analyzes were performed by SEM and the results
ndicated the presence of twomain types of secondary phases.
he ﬁrst type of secondary phase commonly observed in the
icrostructure of the fusion zone, was typically found along
he intercellular or interdendritic regions. As seen in Fig. 3,
his precipitation exhibits a eutecticmorphology,which is also
bserved in the elongated form or rod-shaped.
The chemical mapping by EDS in some of these phases,
ndicated an enrichment ofMo andNb, aswell as the presence
f Si at higher concentrations (Fig. 4).With reference to the ele-
ents Ni, Fe and Cr, a depletion region in the secondary phase
as been observed. Based on the chemical composition and
orphology, such particles were characterized as Laves phaseich in Nb. These results are consistent with those reported by
ther authors evaluating the microstructure of the alloy 625
15–17].eutectic morphology of the said phase.
Using the transmission electron microscopy, some of
aforesaid particles with elongated morphology and high con-
centrations of Nb, were correctly identiﬁed by the selected
area electron diffraction (SAD). Fig. 5 shows an image obtained
through the TEM bright ﬁeld mode in such rod-shaped par-
ticles is identiﬁed as Nb rich Laves phase. The electron
diffraction pattern (SADP) is oriented in the axis of the zone
[322] = [4156].
Unlike what is commonly observed for the alloy Inconel
625 weld metal, an additional type of secondary phase with
a cuboidal morphology was identiﬁed in this study, as shown
in Fig. 6. The presence of this type of precipitate has not been
reported for the alloy 625 in the literature. A preliminary anal-
ysis by the SEM/EDS indicated that these cubic particles are
rich in Nb, Ti, C and N, aside from the references pointed out
in the ﬁrst case as a particular type of carbonitride of Ti and
Nb.
Another observation that is rarely reported in the literature,
is regarding the presence of titanium in particles precipi-
tated. Countless studies on the microstructure of the alloy
625, have been reported in the literature, however, only a
few papers did mention the occurrence of carbides or car-
bonitrides containing Ti. As a general rule, these carbides
232 j mater res technol . 2013;2(3):228–237
2 µm EHT = 20.00 kV
b
d
f g
e
c
Signal A = SE1 Date 5 Feb 2009
UFESMeg = 5.00 kxWD = 13.0 mm
Ni
Mo
Fe Si
Nb
Cr
Fig. 4 – (a) Scanning electron microscopy micrograph obtained in scanning electron operation mode showing the  matrix
and the eutectic secondary phase. The elemental chemical maps obtained by energy dispersive X-ray spectroscopy: (b) Ni;
(c) Cr; (d) Mo; (e) Nb; (f) Fe; (g) Si.
were characterized as NbC, being both case for materials
heat treated and aged [18,19], as well as in welded conditions
[5,20].
TEM analysis was performed and showed that some pre-
cipitates cubic looks as similar to a combination of a particle
within another. An example of this complex particle is shown
in Fig. 7. It is possible to identify an initial particle with planar
facets inside the precipitate, surrounded by a shell in this par-
ticular image. The overall particle was identiﬁed by selected
area electron diffraction (SAD), as a primary carbide NbC type.However, the chemical EDS mapping showed a strong parti-
tion of Ti, N and Nb, as can be seen in Fig. 7. The presence of
large concentrations of Ti and N in the interior of the precip-
itate, shows that there is a particle of titanium nitride (TiN)
forming the core of the said precipitate. The map of the Nb
shows a depletion of this element to the center of the particle
and ahigh concentration of it along the edge of the precipitate,
forming aNb-rich shell around the core, which is rich in Ti and
N. The carbon in turn, at ﬁrst did not show any preferential
distribution.
j mater res technol . 2
Fig. 5 – (a) Transmission electron microscopy image in
bright ﬁeld of a rod-shaped Laves phase and its respective
selected area electron diffraction pattern on [322] = [4156]
zone axis.
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Fig. 6 – Scanning electron microscope micrograph showing
the main morphologies of secondary phases observed into
the weld metal.013;2(3):228–237 233
Therefore, the cubic precipitates rich in Nb and Ti present
in the weld metal are not a simply carbonitrides, but the
combination of a titanium nitride core (TiN) surrounded by
a niobium carbide shell (NbC and/or NbTiC). This hypothesis
is supported by experimental results. However, therewere sig-
niﬁcant variations in chemical composition within the cubic
precipitates and no signiﬁcant change was found in a crys-
tallographic form. In fact, changes in the crystallographic
features of the precipitate are unlikely, since both have a cubic
crystal structure (NaCl) and very similar lattice parameters:
TiC (0.4327nm) [21], TiN (0.4235nm) [22], Ti(CN) (0.4297nm)
[23], NbC (0.4449nm) [24], and (NbTi)C (0.4427nm) [25].
These stated results indicated that a complex precipita-
tion mechanism may occur during the welding of these said
alloys, depending in the chemical composition of the weld
metal. The high melting point of the TiN nitrides (2927 ◦C)
[25], which is approximately twice the liquidus temperature of
the 625 alloy, therefore, allowing them to remain in the solid
state within the volume of the liquid pool. This makes them
excellent nucleating agents for the formation of Nb carbides,
as well as providing a good surface for nucleation possessing
crystallographic and chemical afﬁnities.
Fig. 8 shows another form of precipitation found in the
present study, in which a nitride TiN core leads to a structure
called NbC arms. Indeed, various precipitates were observed
in the form of Nb-rich arms or needles, growing from a central
core of TiN. Observing the chemical mapping obtained by the
EDS, it is clearly noted that a strong concentration of Ti is only
at the apex of the V structure formed by the TiN core and the
NbC arms. The Nb is particularly enriched in the V structure.
4. Discussion
As it has been seen, dilution greatly inﬂuences themicrostruc-
ture in the resulting alloy during solidiﬁcation. Two important
elements being C and Si, strongly inﬂuence the formation of
the carbide and the Laves phase, respectively. Evaluating the
binary Ni–Nb diagramobtained by Thermocalc® (Fig. 9), shows
that there is no formation of this phase in this binary system,
requiring the presence of other elements in their favor. In this
context, Fe also becomes a very important element to favor the
formation of the Laves phase in Ni alloys, given their ability to
form the Laves phase type Fe2Nb.
DuPont [20] studied the process of solidiﬁcation for the
alloy 625 welded with a 2.25 Cr–1Mo steel substrate and veri-
ﬁed the actual role of the Fe in the weld overlay of these alloys.
This particular author reports that the signiﬁcant Fe enrich-
ment of the alloy 625, due to the dilution with the substrate,
was preponderant to the microstructure resultant from solid-
iﬁcation, which occurred over a temperature range of 170 ◦C,
in the following sequence:
L → L +  → L +  + Laves →  + Laves
Another factor mentioned by DuPont [20] for this route of
solidiﬁcation, was the low C content in the substrate, which
was 0.13wt.%. Considering the C content in the substrate used
in this study, C=0.15% (ASTM A516 Gr.60), it resembles the C
content of the substrate used by DuPont [20]. Zhao et al. [9]
studied the microstructure of the alloy 625 ﬁller metal welded
234 j mater res technol . 2013;2(3):228–237
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Fig. 7 – (a) Transmission electron microscopy image in bright ﬁeld showing a core/shell complex precipitate. (b) Selected
area electron diffraction pattern on [111] zone axis. Elemental chemical mapping by energy dispersive X-ray spectroscopy:
(c) Ti; (d) N; (e) Nb; (f) C.
with carbon steel in a content of 0.25wt.% and observed the
presence of both phases, Nb-rich carbide and Nb-rich Laves
phase, however, the carbon content in the substrate is 40%
higher than the ASTM A516 Gr.60.
Cieslak et al. [5] studied the solidiﬁcation of the alloy 625
with varying levels of C, Si and Nb. These authors found that
when the alloy contained low amounts of C (0.009wt.%) and
Si (0.03wt.%), together with a Fe content of 2.3wt.%, as well as
3.6wt.% of Nb, there was a small volume fraction of secondary
interdendritic phase (0.3% vol.) consisting of the Nb-rich Laves
phase and MC carbides (NbC). However, when there was an
addition of 0.038wt.% C, occurring only the formation of MCcarbides (NbC), thus, indicating that the presence of C, even in
a small amount, may still have been able to suppress the for-
mation of the Laves phase. In another alloy, which was added
with 0.38wt.% Si and a low carbon content, there was a for-
mation of the Laves phase rich in Nb and M6C type carbides.
When C (0.035wt.%) was added together with Si (0.46wt.%),
the following two phases were formed during solidiﬁcation:
MC carbide (NbC) and Nb-rich Laves phase. All these said
results were conﬁrmed by a differential thermal analysis and
by electron microscopy.
Theoretically, only considering the similarities between the
C content of the substrates used in this study and also used by
j mater res technol . 2013;2(3):228–237 235
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uPont [20], onewould be expected that the end of the solidiﬁ-
ation occurred only in the formation of the eutectics Nb-rich
aves phase. However, the Fe contents in the weld overlays
ue to the dilution with the substrate, ranging between 6 and
5%. These particular values are well below to the Fe con-
ent recorded by DuPont [20] for alloy 625 with a Fe content
f 28wt%, being the solidiﬁcation enough to form only Laves
hase as secondary constituent.
Therefore, it is possible that lower levels of Fe in the
oatings studied herein, are sufﬁcient to enable a complete
olidiﬁcation of the interdendritic liquid (rich in Nb) Laves
hase. In fact, DuPont [20] has noted that increasing the Fe
ontent in the alloy 625, seemed to favor the formation of the
aves phase rich in Nb, to the point of completely suppress-
ng the formation of NbC carbides. It is worthwhile noting
hat the study of the DuPont [20] the overlay was deposited
nder a single condition of welding parameters, however, not
eing assessed the effects of factors other than the chemical
omposition.
Fig. 9 – Binary phase diagram for the system Ni-Nb
calculated with ThermoCalc.
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In addition, it ought to be highlighted the important role
of titanium nitride TiN present in the weld metal, whose high
melting point makes them excellent nucleating agents for the
formation of niobium and titanium carbides shells (NbTi)C
and NbC carbides arms, during the solidiﬁcation of the alloy.
Another important information is that the solidiﬁcation tem-
perature of the carbide NbC (∼1325 ◦C) is higher than the one
of the Nb-rich Laves phase (∼1266 ◦C), making their favorable
nucleation and growth before the Laves, which explains the
formation of the shells and the arms of carbides, during solid-
iﬁcation, as seen in Figs. 7 and 8. In fact, a new route to explain
the solidiﬁcation process of the alloy 625, is proposed in this
study, as shown below:
L + (TiN) → L +  + (TiN) → L +  + (TiN) + (NbTi)C [shell]
→ L +  + (TiN) + (NbTi)C[shell] + Laves
→  + (TiN)[core]/(NbTi)C[shell] + Laves
Or considering the growth ofNbCarm from theNbTiC shell,
the complete solidiﬁcation path to be considered is:
L + (TiN) → L +  + (TiN) → L +  + (TiN) + (NbTi)C [shell]
→ L +  + (TiN) + (NbTi)C[shell] + NbC[arm]
→ L +  + (TiN) + (NbTi)C[shell] + NbC[arm] + Laves
→  + (TiN)[core]/(NbTi)C[shell]/NbC[arm] + Laves
Initially, there was a weld pool volume completely in liquid
state with the presence of solid particles of titanium nitride
(TiN).With the onset of the solidiﬁcation occurring phase for-
mation, segregating elements such as Nb, Ti, Mo and Si to the
interdendritic liquid andgradually pushingTiNparticles in the
liquid, a subsequent growthbeganwith the shell formingofNb
and Ti carbides (NbTi)C on the surface of the titanium nitride
(TiN) preexisting. Depending upon the welding conditions and
consequently the solidiﬁcation rate, these stated complex pre-
cipitates of nitride/carbide may be entrapped by the solid and
are retained near the center of the dendrite. However, if the
solidiﬁcation rate is favorable to the precipitation, itmay occur
the growth of niobium carbide arms (NbC). With the contin-
ued solidiﬁcation process occurring, a signiﬁcant increase of
Nb concentration in the interdendritic liquid would cause the
formation of the Laves phase rich in Nb. As an end result, a
microstructure consisting of a matrix , the complex precipi-
tate (TiN) [core]/(NbTi)C [shell] and/or NbC [arm] carbides, as
well as the Nb-rich Laves phase.
5. ConclusionsBased on the results presentedwith this study, themicrostruc-
ture of the nickel-based superalloy weld overlays deposited
with type Inconel 625 by TIG cold wire feed welding process,
concludes the following facts:. 2013;2(3):228–237
• The Nb microsegregation during solidiﬁcation signiﬁcantly
inﬂuences the behavior of the alloy solidiﬁcation.
• Cubic precipitates observed in the microstructure, showed
characterized as a complex precipitate, consisting of a core
with titanium nitride (TiN) surrounded by a niobium tita-
nium carbide (NbTi)C.
• Due to the Nb microsegregation to an interdendritic vol-
ume during the solidiﬁcation, there was a formation of the
eutectic Laves phase, rich in Nb.
• Depending on the microstructural characteristics duly
observed, we hereby propose a new solidiﬁcation path to
the alloy Inconel 625:
L + (TiN) → L +  + (TiN) → L +  + (TiN) + (NbTi)C[shell]
→ L +  + (TiN) + (NbTi)C[shell] + Laves
→  + (TiN)[core]/(NbTi)C[shell] + Laves
• Considering the growth of NbC arm from the NbTiC shell,
the complete solidiﬁcation path to be considered is:
L + (TiN) → L +  + (TiN)
→ L +  + (TiN) + (NbTi)C[shell]
→ L +  + (TiN) + (NbTi)C[shell] + NbC[arm]
→ L +  + (TiN) + (NbTi)C[shell] + NbC[arm] + Laves
→  + (TiN)[core]/(NbTi)C[shell]/NbC[arm] + Laves
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